Background: Familial hypercholesterolemia (FH) is a condition characterized by high cholesterol levels and increased risk for coronary heart disease (CHD) that often goes undiagnosed. The Dutch Lipid Network Criteria (DLNC) are used to identify FH in clinical settings via physical examination, personal and family history of CHD, in addition to the presence of deleterious mutations of the LDLR, ApoB, and PCSK9 genes. Agreement between clinical and genetic diagnosis of FH varies. While an ICD diagnosis code was not available for coding FH until 2016, Systematized Nomenclature of Medicine (SNOMED) clinical concept codes, including genetic diagnoses, for FH have been utilized in electronic health records (EHRs). Objective: To evaluate the concordance of identifying FH via SNOMED and ICD-10 CM codes vs the DLNC in an EHR database. Methods: Using the Practice Fusion EHR database, the sensitivity, specificity, positive predictive value (PPV), and negative predictive value were calculated comparing an FH cohort identified via SNOMED and ICD-10 CM codes to one identified via the DLNC. Results: Among 907,616 patients with hypercholesterolemia, 2,180 were identified as FH via SNOMED code (zero were identified via ICD-10 CM), 259 had a DLNC score 6-8 (probable FH), and 45 had a DLNC score >8 (definite FH). Compared to DLNC score >8, the sensitivity, specificity, and PPV of the FH SNOMED code were 84.4%, 99.4%, and 6.4%, respectively. Compared to DLNC score ≥6, the sensitivity was 36.8% and the specificity was 99.5% with a PPV of 18.7%. Conclusion: Compared to the clinical criteria for FH, identification of FH patients via SNOMED diagnosis codes had high sensitivity and specificity, but low PPV. The discordance of these two techniques in identifying FH patients speaks to the challenges in identifying FH patients in large electronic databases such as administrative claims and EHR.
Introduction
Familial hypercholesterolemia (FH) is a genetic disorder characterized by elevated cholesterol levels, specifically, high levels of low-density lipoprotein cholesterol (LDL-C) often resulting in premature coronary heart disease (CHD). 1 The most recent prevalence estimates of heterozygous FH in the USA suggest between 1 in 212 and 1 in 250 individuals may be affected. 2, 3 Historically, the prevalence of homozygous FH has been estimated to be 1 in 1,000,000, whereas new research has shown the prevalence may range from 1 in 160,000 to 1 in 300,000 individuals.
1,4-7 Nordestgaard et al estimated that there are between 14 and 34 million individuals living with FH worldwide. 1 Given the underutilization of genetic testing and the lack of awareness of FH in the clinical community, even the most current prevalence estimates may under-represent true prevalence of this condition in the general population. Thus, many individuals may not be getting the appropriate therapies to control their LDL-C.
Genetic variants leading to FH are present in the LDLR, APOB, or PCSK9 genes, accounting for >90%, 5%, and 1% of FH cases, respectively. 5, [8] [9] [10] [11] However, FH is most frequently diagnosed clinically based on elevated levels of LDL-C, premature CHD, family history of cardiovascular disease (CVD) and/or high LDL-C, and physical signs of elevated cholesterol. 4 Although a positive genetic test for FH is conclusive evidence of the disease, FH cannot be ruled out in the result of a negative genetic test. In fact, ~20% of clinically evident FH patients do not appear to have a mutation identified in the FH-associated genes. 12 A recent study by Khera et al found that ~2% of individuals free of coronary artery disease (CAD) with LDL-C ≥190 mg/dL (identified as FH patients based solely on LDL-C) tested positive for a mutation in one of the FH-associated genes. 13 The same study also found the risk of CAD was higher among individuals with a genetic mutation for FH, even within LDL-C strata, suggesting that cumulative lifelong exposure to elevated LDL-C is associated with a higher CAD risk.
Concordance between the genetic and clinical diagnosis of FH varies widely due to inconsistencies in how FH is clinically diagnosed as well as lack of full understanding of the genetic basis of the disease. [13] [14] [15] [16] There are several existing clinical criteria used to diagnosis FH: 1) the Dutch Lipid Network Criteria (DLNC); 2) the Simon Broome criteria; and 3) the Make Early Diagnosis to Prevent Early Death (MEDPED) criteria. 1, 5, 15, 17 These three sets of criteria are similar in their diagnostic parameters and are generally viewed as interchangeable by clinicians. The DLNC is perhaps the most widely recognized score and uses five criteria (both clinical and genetic) to identify FH: family history of CVD, clinical history of premature CHD, physical examination for xanthomas or corneal arcus, very high LDL-C on repeated measurements, and a causative mutation detected by genetic testing.
Until the recent introduction of the ICD, 10th Revision (ICD-10 CM-CM) code for FH in October 2016 (ICD-10 CM E78.01), an ICD diagnosis code for FH did not exist in the USA, making it difficult to identify individuals with FH within large healthcare databases. However, Systematized Nomenclature of Medicine (SNOMED) clinical concept codes for FH do exist. SNOMED is a comprehensive and precise clinical coding system that was developed and supported by the International Health Terminology Standards Organization and the US National Library of Medicine as a standard for electronic exchange of clinical health information. 18 The Office of the National Coordinator for Health Information Technology has approved SNOMED as a vocabulary code set to ensure consistent clinical terminology between systems. 19 As such, SNOMED codes are often implemented and mapped to other coding systems within EHR software applications. The SNOMED system includes a code for FH, as well as specific codes for heterozygous and homozygous FH, and FH associated with a mutation in a specific gene (LDLR, APOB, and PCSK9).
The recent introduction of the ICD-10 CM code for FH and the increased utilization of SNOMED codes provide an opportunity to more easily identify FH patients in EHR systems. However, it is unclear whether physicians are utilizing these codes while doing a clinical work-up for FH through criteria such as the DLNC. For example, providers may enter in clinical components of the DLNC without explicitly recording that the patient has FH; alternatively, providers may record that the patient has FH without explicitly recording the clinical components that comprise it. Thus, our objective was to evaluate the concordance of FH diagnosis codes with DLNC clinical criteria for FH within an EHR database.
Methods

Patient population
We used data from the Practice Fusion EHR database that consists of patient-level data from their proprietary cloudbased ambulatory EHR platform, currently in use at over 30,000 practices in all 50 US states. A majority of Practice Fusion practices are single provider or small group practices. Data are available for over 38 million unique patients starting in 2010, of which over 16 million are currently active on the platform. Data are updated daily and are made available for analysis in a Health Information Privacy Protection Act-compliant de-identified research database. Substantial data validation and quality checks are performed as part of this process. Amgen licensed the Practice Fusion EHR data for analytic use. Institutional review board approval was not necessary for this study, as we did not intervene on patients whose data are included in the Practice Fusion EHR.
SNOMED codes were introduced into the Practice Fusion EHR platform in 2013. When entering a diagnosis into a structured field, Practice Fusion EHR users search for clinically meaningful terms related to a disease condition, for example, "familial hypercholesterolemia". From there, a drop-down list of matching diagnosis codes appears. A physician will then choose the code that best captures the patient's diagnosis, which is then automatically mapped to all other correspondClinical Epidemiology 2018:10 submit your manuscript | www.dovepress.com
Dovepress
1669
identifying familial hypercholesterolemia in an Ehr database ing diagnosis codes. For example, a physician may type in "familial hypercholesterolemia" into the record. A drop-down list of diagnosis codes appears from which a physician chooses the ICD-10 CM code for FH. It is automatically mapped to the corresponding SNOMED and IC-9 codes ( Figure S1 ). As opposed to claims-based coding, the recording of diagnosis in an EHR is not related to billing and reimbursement.
For this analysis, four patient cohorts of interest were identified between January 1, 2013 and October 16, 2016. The hypercholesterolemia cohort was defined as the source population by the presence of at least one of the following ICD diagnosis codes for pure hypercholesterolemia: 272.0, E78.0. Within the hypercholesterolemia cohort, the FH SNOMED/ICD-10 CM cohort was defined by the presence of either a SNOMED or ICD-10 CM diagnosis code for FH (Table 1) . Also within the hypercholesterolemia cohort, the FH DLNC cohort was defined via diagnoses and LDL-C lab test results that identify patients who meet the DLNC for FH. A patient receives a specific number of points for each DLN criterion that is present, which are then summed into an overall score. The score is categorized into the following groups: >8 definite FH; 6-8, probable FH; 3-5, possible FH; and <3, unlikely FH. See Table S1 for corresponding SNOMED, Logical Observation Identifiers Names and Codes, ICD-10 CM, and ICD-9 codes used to identify the DLNC.
statistical analysis
Within each cohort, we calculated the distribution of patient demographics, number of patient visits, available follow-up time in the database, prescribed medications, LDL-C values, and other lab values (high-density lipoprotein cholesterol [HDL] , triglycerides, total cholesterol, and LDL-C/HDL-C ratio). We evaluated the prescription of lipid lowering therapy (LLT) (statins, ezetimibe, and PCSK9 inhibitors) and other concomitant medications (insulin and other glucose lowering agents, as well as antihypertensives) at any point in the patient's record. We evaluated both the highest available and most recent LDL-C value in a patient's record. For categorical variables, we calculated the number and percent of patients within each cohort with the variable of interest; for continuous variables, we calculated mean and SD within each cohort.
In this analysis, we compared a diagnosis of FH recorded via a SNOMED or ICD-10 CM code to the DLNC clinical diagnosis of FH. The sensitivity (Se), specificity (Sp), positive predictive value (PPV), negative predictive value (NPV), and the corresponding 95% CIs of identifying FH patients via SNOMED/ICD-10 CM codes vs several cut points of the DLNC score (DLNC >8, DLNC ≥6, and DLNC ≥3) were calculated. The calculation of Se, Sp, PPV, and NPV was limited to patients meeting at least one of the DLNC components. All analyses were conducted in IBM Netezza SQL.
Results
In the Practice Fusion database, 907,616 patients with hypercholesterolemia were identified between January 1, 2013 and October 16, 2016. Of these patients, 2,180 (0.24%) were identified as FH via an SNOMED code (there were no records of an ICD-10 CM code for FH), 96,392 (10.6%) had at least one criterion of the DLNC, 259 (0.03%) had a DLNC score 6-8 indicating probable FH, and 45 (0.005%) had a DLNC score >8 indicating definite FH (Table 2 ). Among patients identified as definite FH, 38 (84.4%) were also identified as FH via SNOMED codes, while among patients identified as probable FH, 74 (28.6%) were also identified as FH via SNOMED codes ( Figure 1) . Table 2 summarizes the baseline demographic and clinical characteristics among patients in the hypercholesterolemia cohort, FH SNOMED cohort, those meeting at least 1 of the DLN criterion, those with a DLNC score 6-8, and those with a DLNC score >8. Individuals identified as FH via SNOMED code and via the DLNC were younger and a higher proportion were female than those in the source hypercholesterolemia 
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Mues et al cohort. The average number of visits in the EHR during the study period ranged from 9.5 among the FH SNOMED cohort to 21.0 among those with DLNC score >8. The average Quan Enhanced Charlson comorbidity score was highest among those with DLNC score >8 and DLNC score 6-8, followed by the hypercholesterolemia cohort, those with at least 1 DLN criterion, and the FH SNOMED cohort. Prescription of statins ranged from 48.4% among those in the FH SNOMED cohort to 68.7% among those with a DLNC score 6-8 ( Table 2) .
Prescriptions for nonstatin LLTs were most frequent among those with a DLNC >8.
Patients who had a DLNC score 6-8 and >8 had the highest mean LDL-C values (Table 3) , and ~62% of patients with a DLNC score 6-8 had an LDL-C value of at least 330 mg/ dL (data not shown). The mean LDL-C value among those in the FH SNOMED cohort and those meeting at least one DLN criterion was higher than among those in the hypercholesterolemia cohort (for both most recent and highest LDL-C Table 3 ). The mean levels of triglycerides, total cholesterol, and the LDL/HDL ratio were relatively higher among patients with DLNC score 6-8 and >8 compared to the other cohorts.
Among the full hypercholesterolemia cohort, 10.6% (N=96,392) had at least one DLN criterion compared with 27.4% (N=598) among the FH SNOMED cohort. Among hypercholesterolemia patients with at least one of the DLN criterion, LDL-C between 155 and 189 mg/dL (58.0%) was the criterion most frequently met, followed by LDL-C 190-249 mg/dL (18.3%), clinical history of premature CAD (11.2%), and clinical history of premature cerebral or peripheral vascular disease (9.1%) (Figure 2) . Among FH SNOMED patients with at least one of the DLN criterion, LDL-C 190-249 mg/dL was the most frequently met (33.9%), followed by LDL-C 155-189 mg/dL (27.9%), a positive genetic test (15.6%), clinical history of premature CAD (10.9%), LDL-C 250-239 mg/dL (9.7%), and family history of premature coronary and vascular disease or LDL-C above the 95th percentile (9.4%).
Among the 96,392 patients with at least one DLN criterion, 45 had a DLNC score >8, 304 had a DLNC score ≥6, 20,048 had a DLNC score ≥3, and 598 were identified as FH via an SNOMED code. Compared to the DLNC >8, the sensitivity of the FH SNOMED code was 84.4% and the specificity was 99.4%, with a PPV of 6.4% (Table 4) . Compared to a DLNC ≥6, the sensitivity was 36.8% and the specificity was 99.5% with a PPV of 18.7%.
Discussion
Compared to the clinical criteria for FH, the identification of FH patients via SNOMED diagnosis codes had high sensitivity and specificity, but low PPV. These results indicate that FH patients identified via SNOMED codes are unlikely to be identified using clinical criteria contained in their EHR, even at several cutoff levels of the DLNC. The discordance of these two techniques in identifying FH patients speaks to 
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Mues et al the challenges in identifying FH patients in large electronic databases such as administrative claims and EHR. If we consider clinical criteria as the gold standard of an FH diagnosis, standard coding such as SNOMED not only identifies a large percentage of "true FH" patients but also identifies patients who do not meet the gold standard of FH diagnosis. This may be a true misclassification of these patients via diagnosis codes or may speak to the lack of such clinical criteria being recorded in the structured portions of the medical record. Thus, the diagnosis codes may be accurate, but the gold standard may not be recorded as easily searchable content in an EHR, making identification of FH patients difficult. These findings may also indicate that clinicians are not fully aware of the clinical symptoms of FH (such as tendon xanthoma), and thus are not looking for and noting the clinical signs within the medical record, also contributing to the under-diagnosis of the condition.
Several other studies that have evaluated the application of clinical diagnostic systems in large databases have found similar challenges in identifying FH patients. Abul-Husn et al found that when applying the DLNC to a population of individuals with severe hypercholesterolemia, only 24% of FH variant carriers were classified as either probable or definite FH, highlighting the rather low sensitivity of the DLNC when applied to an EHR database. 20 In the same study, of the 4,435 individuals with LDL-C >190 mg/dL in the EHR, only 112 (2.5%) had an FH genetic variant, again indicating the low capture of genetic variants for FH and potentially the underutilization of genetic testing in this population. In a general practitioner electronic healthcare database of patients in Australia, Vickery et al found that among active patients, 0.7% had an LDL-C value ≥5 mmol/L (~190 mg/dL), but only 0.013% had a diagnosis code for FH, again indicating the low diagnosis rates of FH. Among those with an LDL-C ≥5 mmol/L, 60% had been coded for a lipid disorder, 56% had record of a statin prescription, 40% had both, and 24% had neither. 21 Although there was no ICD diagnosis code for FH until October 2016, SNOMED codes offer an alternate coding system to identify patients with FH in an electronic database. The SNOMED nomenclature is the most comprehensive healthcare terminology, an international standard for the electronic exchange of clinical health information supported by the US National Library of Medicine, which has Notes: DLNC Y indicates yes, the subject met the DLNC criteria for FH at the specified value in column 1. SNOMED Y indicates yes, the subject was identified as FH via a SNOMED code. DLNC N indicates no, the subject did not meet the DLNC criteria for FH at the specified value in column 1. SNOMED N indicates no, the subject was not identified as FH via a SNOMED code. Abbreviations: PPV, positive predictive value; NPV, negative predictive value; FH, familial hypercholesterolemia; SNOMED, Systematized Nomenclature of Medicine; DlnC, Dutch lipid network Criteria. 
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identifying familial hypercholesterolemia in an Ehr database previously been incorporated into EHR-based algorithms to identify clinically relevant cardio-and cerebrovascular disease. 19, 22 Although practitioners may not be as familiar with SNOMED codes as other coding systems (eg, ICD-9/ ICD-10 CM, HCPC), one of the strengths of the Practice Fusion data platform was the automatic mapping of physician diagnoses entered into the structured data fields into SNOMED codes. Thus, even if a physician was not familiar with the FH SNOMED codes, the Practice Fusion system automatically mapped each structured diagnosis of FH to an SNOMED code, allowing for efficient identification of FH patients within the database. Although we did use the ICD-10 CM code for identifying FH in this analysis, there were no cases identified in this manner, since the analysis was conducted through mid-October 2016, with limited (only 3 months) post-ICD-10 CM implementation. The hope is that, over time, this code will become more frequently used and awareness of FH will increase, to allow for more accurate diagnosis of FH within EHR systems.
In this analysis, only a small proportion of identified individuals with FH had evidence of a functional mutation on the LDLR, APOB, or PCSK9 gene resulting from a genetic test. These results reiterate the low frequency of and differing opinions on the incremental value of FH genetic testing, even among a population of patients who have a diagnostic code for FH, suggesting that FH remains the first and foremost clinical diagnosis. Genetic testing is expensive and may not be covered by insurance plans. 23 Additionally, clinical guidelines do not recommend universal testing, but instead recommend cascade screening among first-degree relatives of an individual with FH, with universal screening limited to children <16 years with high levels of cholesterol. 1, 12 Finally, due to limitations in FH genetic testing, some individuals who carry a genetic mutation for FH may not be easily identifiable. This can happen for several reasons. First, a standard FH panel only covers a subset of all known variants, generally limited to those that contribute to a more severe disease phenotype. For example, although over 1,500 variants have been identified in the LDLR gene alone, not all of these are covered on a standard genetic array. Second, individuals that are compound heterozygotes (eg, two different mutations affecting two alleles) may display an FH phenotype without an easily identifiable genotype given that multiple low penetrance variants may be present. 24 This study has several limitations that should be considered when interpreting the results. First, the true gold standard of an FH diagnosis is unclear. Although we compare the SNOMED codes for FH to the DLNC, and calculate sensitivity and specificity accordingly, we must interpret these findings with the understanding that clinical criteria are not the only method to diagnose FH; genetic testing may have been done and not necessarily recorded within the medical record. Despite this, patients identified as FH via the DLNC were slightly older, more female, had a higher disease burden, more statin and nonstatin LLT prescriptions, and had higher LDL-C values compared with FH patients identified via a SNOMED code. Given these findings, considering the DLNC as the gold standard in this study does not seem unreasonable. Second, the analysis was limited to only structured information captured by the EHR; FH diagnoses and results of genetic testing were not confirmed from unstructured data. We did not incorporate information captured in physician notes into the main analysis. Given that EHRs may still be relatively new to healthcare providers, it is possible that providers may prefer to record much of a patient's information via free text. Natural language processing is a lengthy and expensive process, limiting our ability to use the unstructured information included in the EHR, and more generally, speaks to the challenge of identifying FH patients in electronic databases. Third, this analysis was limited to information captured within the Practice Fusion EHR platform, which mostly covers primary care physicians, who may be less familiar with a condition such as FH. We do not have health information collected on patients who also sought care outside of Practice Fusion's network. Although the Practice Fusion network does capture some specialists such as cardiologists within communitybased practices, it is possible that, compared to large health centers, these physicians may be less likely to diagnose and/ or record a diagnosis of FH. Last, these results are not necessarily applicable to other EHR databases that may capture different types of health practitioners or may be related to an associated payer who may have specific requirements for FH diagnoses in order for appropriate treatments to be covered.
Comparing SNOMED diagnosis codes for FH to the DLNC clinical criteria, the sensitivity and specificity were high, whereas the positive predictive value was low. Thus, if considering the DLNC as the gold standard, the identification of FH patients in an EHR using a SNOMED code may result in the capture of many false positives. It is unclear if this is due to the true misclassification of FH via diagnosis codes or rather to the lack of recording of clinical symptoms of FH in the structured portions of an EHR (eg, not the clinical notes). 
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Mues et al natural language processing to extract information from the notes is expensive, time-consuming, and may be limited in its accuracy. Therefore, most research studies using EHR data on a large scale will most likely only be able to use structured information to identify subjects with FH, requiring improved techniques of identifying individuals with FH via structured data. Although the recent introduction of an ICD-10 CM code for FH in the USA will mitigate some of the challenges in identifying FH subjects in EHR and claims databases, the lag in data availability and need for historic data will result in continued challenges in research. However, until FH is more fully recognized by the clinical community, the addition of an ICD-10 CM code will not completely correct the under-diagnosis of FH.
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Figure S1 Diagnosis section of the Practice Fusion Ehr platform (example only: the left panel displays a physician's ability to type in a diagnosis and the menu it populates; the right panel displays the mapping to diagnosis codes that occurs when a physician choose a specific diagnosis from the drop-down menu). Abbreviation: Ehr, electronic health record.
